Abstract-Recent work reported on the current density in pulsed-power-driven liners where a vacuum gap was introduced in the power feed connecting the liner to the generator. The resultant gap flashover generates azimuthally localized currentcarrying plasma channels, which can create an azimuthal nonuniformity in the current density. The current density evolves during the current pulse, but nonuniformity is observed through the experiment timescale. Magnetohydrodynamic simulation work in 3-D demonstrates the difficulty in reproducing the experimental data within a limited computational domain, and those boundary conditions may dominate this paper. The development of currentdriven instabilities in the plasma channels can explain the liner current density evolution, and specifically the ion acoustic instability can account for the main features observed in the experiments.
I. INTRODUCTION
T HE realization of high-gain inertial fusion and the development of fusion energy remain a significant goal, and challenge, for high-energy density research. In the Z-pinch community it is presently envisioned that the compression of magnetized solid liners filled with DT fuel combined with the development of modular linear transformer driver pulsedpower devices will provide a viable path to repetition-rated fusion yield [3] , [4] .
The Z-pinch target approach is termed as magnetized liner inertial fusion (MagLIF), and was described by Slutz et al. [5] in 2010. The liner is an aluminum or beryllium cylinder, typically ∼10 mm tall, ∼6 mm in diameter with a wall thickness of order 300 μm. Fuel is initially contained using a thin-plastic window at the top of the liner, which also allows for laser preheat of the fuel. An external magnetic field of up to 30 T is applied and penetrates the target prior to the main current pulse. This field serves to both reduce heat loss through electron and alpha particle transport, and may help to stabilize the inner wall of the liner [6] . Radial compression of the liner is achieved using the 20-MA, 100-ns Z current pulse, and the fuel reaches ignition temperature at moderate convergence ratios. Although several areas require further study and optimization, recent fully integrated studies show a good reason for optimism at present [7] , [8] .
The work in this paper focuses on the initiation of plasma in the liner at the first application of the main drive current through experiments at the 1-MA, 100-ns Cornell Beam Research Accelerator (COBRA) generator at Cornell University [9] . Effective symmetric coupling of the liner to the pulsed-power generator is a crucial factor in the MagLIF scheme, since an azimuthally symmetric uniform compression of the liner is required, necessitating a uniform current drive throughout the target during the entire experiment. On the Z machine, various methods to mount the liner have been used. The liner target is typically fixed to the upper electrode (anode) and this assembly is inserted into the lower electrode (cathode) which is fixed into the generator. After insertion, there remains a small azimuthal gap between the liner and the cathode (i.e., a radial gap between coaxial electrodes which extends around the entire azimuth of the liner), which is of order 25 μm. This is either left empty, so a vacuum gap is present for the experiment, or filled with epoxy or similar material. Studies to date have focused on the vacuum gap and its effect on plasma formation, demonstrating that even such a small gap can generate localized plasma which directly affects the current distribution in the liner, at least at the 1-MA level. While the research presented here is most pertinent for the MagLIF scheme, the initiation and current symmetry of Z-pinches and Z-pinch liners is important for the other fusion concepts and basic science and applied experiments
Here, we summarize the findings of the COBRA experiments, present magnetohydrodynamic simulation (MHD) work and a theoretical framework which accounts for the main features of the evolution of the azimuthal current density profile.
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II. EXPERIMENTAL STUDIES
Experimental work studies a series of aluminum liners 6.3 mm in outer diameter and between 10 and 30 mm tall. Wall thicknesses are 300 and 150 μm, both of which are large compared to the initial collisionless skin depth of ∼20 μm. We do not use DT fuel in the liner, nor use an axial B-field for this paper. The presence of a uniform axial B-field may affect the plasma formation timescale, but is unlikely to influence the azimuthal asymmetries discussed in the following. The liners were mounted in the COBRA pulsed-power generator (100 ns, 1 MA). The lower connection to the power feed was fixed with conducting epoxy to ensure an excellent electrical contact. This used both a silver epoxy (cured conductivity 7 × 10 −5 · m) to provide bulk adhesion and a silver conductive paint (cured conductivity 2 × 10 −6 · m). The upper connection was configured to maintain a well-defined azimuthal gap to the upper electrode by using a tight-fitting alignment cap (Fig. 1) . The wall thickness of the cap and the aperture in the upper electrode and gaps sizes of 200 and 400 μm were The primary diagnostics were a fast-framing optical camera (Invisible Vision UHSi 12/24), which provides up to 12 frames per experiment with frame exposures of 10 ns, laser gated imaging interferometry, and an array of magnetic field probes used to assess the azimuthal uniformity of the current density in the liner [10] . The optical framing camera was mounted to image the liner from above, giving a direct view of the vacuum gap around the liner throughout the experiment. The images obtained provide an excellent diagnosis of the plasma formation around the azimuth of the liner, and recent work directly linked the formation of emission regions in these images to the distribution of current density [2] . Here, we focus on the evolution of emission regions around the liner in an attempt to discern the driving mechanism for the evolution of the emission profile, and hence the azimuthal current density distribution.
An example of the evolution of emission is shown in Fig. 2 for an experiment using a 400-μm vacuum gap around the liner. At early times, a low level of emission is observed in a localized region between approximately 100°and 200°. This region grows in intensity for the next several frames, before saturating the detector in the 56-ns frame. Notice that in the 36-ns frame, additional emission regions develop around 50°a nd also grow through the time sequence. Much of the azimuth shows little emission until relatively late in the current drive. The area at 340°shows no emission until 36 ns, and after this a localized emission spot grows over the next 30-40 ns, saturates the detector at ∼66 ns. The region between 250°a nd 300°is similarly dark until 46 ns, and then grows rapidly in emission over just a single 10-ns interframe time. This sequence of small emission regions growing in intensity, along with new regions developing and also increasing in intensity is observed in all experiments. Typically, the fraction of the azimuth showing emission at late time is >25%, but rarely is much greater than ∼90%. Images in which the entire azimuth showed uniform emission were not observed. Emission frames and streak images taken with a radial view of the liner showed the formation of surface plasma correlated with the azimuthal images [1] , [2] .
One way of quantifying this process is to examine the fraction of the azimuth which shows emission as function of time. To perform such an analysis, we need to select a suitable exposure level from the lineout plots, and we select 50% of the saturation level (dashed line in the plot in Fig. 2 ). This is somewhat arbitrary, but is a reasonable selection when comparing the resulting lineout to the optical images. Examination of 30% and 70% level generate similar results to those discussed in the following. Fig. 3 (a) shows both the evolution of the fraction of the azimuth showing emission and the current from the COBRA machine during the experiment. It can be seen that the evolution of the emission around the liner starts at a low level and grows relatively slowly for the first 50 ns. After this, the fraction appears to increase slightly more quickly until an upper limit is reached and no further fraction of the azimuth develops emission regions. Note that the plot in Fig. 3(a) shows the fraction of the azimuth normalized to this peak value. It appears that the development of additional positions of emission around the azimuthal are related to the increasing current drive rather than, for example, early time voltage breakdown. Fig. 3 (b) shows the upper limit of the azimuth illuminated as a function of the gap sizes examined. In general, smaller gaps sizes show a smaller fraction of the azimuth in emission, and this increases as gap size increases. This trend is perhaps counterintuitive, since a smaller gap size leads to a higher electric field for the same applied voltages. The peak value of the fraction of the azimuth filled is likely a function of the exact plasma conditions at each location, and does not depend on the gap size. Examination of the evolution of the liner emission, and therefore azimuthal current density, suggests that this is not directly related to the initial voltage breakdown of the gap.
To examine this further, we carried out experiments in which the vacuum gap around the liner is encouraged to breakdown in one azimuthal position by using a "trigger pin." This is a 100-μm diameter wire inserted into the vacuum gap, and the initial position of emission is then determined by this pin. The results of six shots using this method showed two different trends, as shown in Fig. 4 . In some shots (two of six shots, e.g., shot 3675), the initial pin position at which breakdown occurred dominated the emission profile, and little emission at additional azimuthal position was observed. In other shots (four of six shots, e.g., shot 3678), the initial breakdown position dominates only initially, after which other distinct emission regions develop. Previous work [2] again demonstrated that the current redistributes around the liner as the new positions emit.
The experimental data show an interesting set of trends, the interpretation of which is not straightforward. The key questions here are why do additional plasma channels form during the current drive, and what determines the rate at which they are generated. We attempt to address these issues through simulation and theoretical work in the following.
III. SIMULATIONS
MHD simulation work has been carried out using the 3-D resistive MHD code Gorgon [11] . The modeling of the liners is a challenging task given the spatial scales involved. The liner is of centimeter scale, but the small vacuum gap must also be resolved. In addition, it is often useful to capture the electrode geometry to accurately describe current flow to and away from the load. The simulation presented here use a uniform 20 μm × 20 μm × 20 μm cell size. A sample of the computational volume is given in Fig. 5 . The domain contains a minimal portion of the electrodes, and the current is driven using a magnetic field boundary condition. This is applied to the lower boundary, away from the position of the vacuum gap shorted by the initial plasma. Since Gorgon is an MHD code, the breakdown phase, which is driven by electron and ion acceleration in the applied electric field at the vacuum gap, is not modeled. Instead, the initial conditions use a low density, low-temperature plasma at one azimuthal position across the vacuum gap. This is analogous to the "triggered" experimental shots discussed previously, and the primary interest is in the evolution of the current density in the liner after this time.
For simulations of azimuthal gaps of 20 μm, there was no observable effect of this initial asymmetry on the liner implosion. Simulations using an exaggerated gap size of 500 μm were subsequently carried out and are summarized in Fig. 6 . The plasma short across the large vacuum gap is again in one azimuthal location and the plots shown are taken at a drive current of 1 MA on the Z machine, which is just as the main drive current is beginning. In this case, effect of the initial asymmetry persists for a short period. There is a difference in the current density by a factor of ∼20 in the liner, where the initial plasma short is located compared to a position on the opposite side of the liner. This is reflected in a difference in the magnetic field around the liner at the same location (azimuthal plot in Fig. 6 ). The larger gap in this case breaks the feedback between the ablation of the electrodes and the symmetrizing of the current drive, because the large gap takes a finite time to close and allow this to occur. Note, however, that the lower portion of the liner shows uniform current density magnetic field, since this is dictated by the boundary conditions. As soon as the vacuum gap closes due to ablation, the liner implosion proceeds with a uniform azimuthal current, and the final stagnation is again uniform, as in the small gap case.
It is likely that the boundary conditions drive the current symmetry in these simulations. At the lower boundary, the condition for the B-field here is simply B = μ 0 I /2πr , which spatially depends only on the radius from the liner axis, and is therefore azimuthally symmetric. Since this must be met in the liner, even if the initial current is asymmetric (i.e., depends on both the radius and angle) it must return to the boundary condition set by the simulation. This is problematic in accurately reproducing the experimental observations. There are approaches that could be used to provide a more accurate description. The first is to significantly increase the size of the computational domain to allow the boundary condition to be set remotely from the liner. This involves including an increased portion of the power feed as well as the liner electrodes which must be treated accurately. In addition, as is obvious from the nature of the experiment, this must be simulated in 3-D and so even small increases in the domain size infers a large increase in the volume modeled at the highspatial resolution required to resolve the small vacuum gap. This process quickly becomes computationally prohibitive. An alternative is to modify the way in which the liner is attached to the generator power feed. The computational boundary could be linked to spatially distributed transmission line network that can support and evolve large current asymmetries. Each azimuthal section of such a power feed could support a current density essentially independent of its neighbor, again governed by a remote boundary condition. This approach may be promising, but requires significant development of the code and such a capability is not available at present.
The crucial contrast to the COBRA experiments is that the simulations show rapid azimuthal redistribution of the current density until this is uniform, whereas the experimental data show localized plasma locations around the azimuth which persist as seemingly discrete current channels. The conclusion here is that either the boundary conditions dominate any other effects or that the experiments are driven by non-MHD effects. In Section IV, we discuss a theoretical framework to address the main feature of the experiments.
IV. DISCUSSION
The primary features noted previously are the development of additional plasma channels, and the relatively slow timescales on which this occurs. Each of the channels continues to show emission after new ones are formed, suggesting current is flowing in some distribution across all the observed channels. There are several current-driven instabilities which may play a role in the experiments. In Z-pinch plasma experiments the most likely candidates are the lower hybrid and ion acoustic instabilities due to the plasma temperature and density ranges expected, as discussed in Ryutov et al. [12] . The effect of these instabilities in a current-carrying plasma is to introduce local density perturbations which significantly increase the scattering of electrons, thereby increasing the effective resistivity of the plasma. Other instabilities which can develop in such a plasma channel or column include the various MHD modes including the pinch m = 0 mode, but most of these primarily affect the morphology leading to physical disruption or breakage of the channel. In this case, the current in an unstable channel would likely decrease it is disrupted, accompanied by strong emission from a pinch or electron beam formation. Such features are not observed by XUV self-emission mages or filtered X-ray diodes in our present experiments.
For this discussion, we consider the experimental data from the "triggered" shots, in which the vacuum gap is closed by plasma formation in one known azimuthal position. We assume an initial plasma channel has formed, similar to some experimental images (Fig. 7) , and takes all the drive current. As shown in Fig. 4 , identical shots can show either the formation of several subsequent plasma channels during the current drive or that no other channels form. From experimental data in [1] and [2] , we can suggest reasonable estimates for the plasma channel parameters. Surface plasma is observed in some cases in interferometry images and only rarely in shadowgraphy images, suggesting that the plasma density is unlikely to be higher than n e ∼ 10 19 cm −3 . The emission from the surface plasma is observed in optical frames, but not in XUV frames, suggesting that the electron temperature is not higher than about 10 eV. We assume that the electron and ion temperature are the same T e = T i and estimate an upper ionization level for aluminum of Z ∼ 8 from the Thomas-Fermi model. The optical images give a typical plasma channel radius of ∼0.5 mm. While these are rather general estimates, and would be improved with additional data, they are consistent with experimental data and provide a good guide for the following discussion. From these values, we can estimate parameters such as the ion sound speed c s , ion thermal velocity v ti , cyclotron (ω ce ), and plasma (ω pe ) frequencies as required.
The electron drift velocity u drift in a current-carrying plasma is determined from the current density j through j = n e eu drift , where n e is the plasma density and e is the electronic charge. At high-current densities, the drift velocity can greatly exceed the sound speed which triggers instability grow for both the ion acoustic and lower hybrid modes. For the above parameters, at I = 95 kA (20 ns into the COBRA current drive) u drift is 1.2 × 10 5 m/s and c s = 2.5 × 10 4 m/s, and c s > v ti by about a factor of 5, meaning that ion motion cannot smooth out density perturbations driving the instability.
The lower hybrid instability has a simplified frequency given by ω LH = ω ce √ (Z me /A mp ) (where Z is the ionization state, m e is the electron mass, A is the atomic mass, and m p is the proton mass) [11] . Throughout the experiment, this is always much less than the electron gyrofrequency (ω LH = 1.1 × 10 11 s −1 ω ce = 1 × 10 13 s −1 ), so this cannot lead to an increase in plasma resistivity. In addition, the plasma frequency is much greater than the cyclotron frequency (ω pe = 2×10 14 s −1 ω ce ) leading to strong growth of the ion acoustic instability over the lower hybrid. In this case, the ion acoustic instability grows rapidly, resulting in a rapid increase in the plasma resistivity. The rapid turn ON of this process essentially limits the drift velocity to a value of u drift,critical of a few times the ion sound speed. This in turn then limits the peak current density a plasma channel can carry, and therefore the absolute current for a given channel dimension [13] . Here, we take the value of the critical drift velocity to be u drift,critical ∼ 4c s . The combination of an increase in resistivity and the resultant current limit for a plasma channel can explain the experimental behavior as we discuss in the following. Starting from our simplified scenario in Fig. 7 , we assume all the current is carried in the plasma channels at the liner surface. Assuming the plasma column dimensions, density and temperature change only slowly, the increasing current drive causes an increase in the electron drift velocity, triggering ion acoustic instability, and a rapid increase in resistivity. This has two principle effects. First, the resistance of the plasma column resistance R = ρl/A increases (where ρ is resistivity, l is the conductor length, and A is the cross-sectional area), and so the voltage drop across the electrodes increases. This is given by V = I dL/dt + L · dI /dt + I R. The liner does not move during the experiments, and so the inductance remains fixed. This simplifies the voltage drop to V = L · dI /dt + I R, and as the resistivity increases the latter term drives a large resistive voltage across the original azimuthal gap. This leads to an additional breakdown and plasma formation at another point on the liner, generating an additional plasma channel. The timing of this process is a result of the rapid turn of the ion acoustic instability. Once the electron drift velocity reaches its peak value of approximately 4 times the sound speed, this determines the peak current that can be carried by the original plasma channel. From the values above, this is I channel,max ∼ 150 kA. Once the drive current reaches this, the resistive voltage rapidly increases causing a secondary gap breakdown. If the two plasma columns have similar parameters, at a drive current of 300 kA, the process repeats generating a third and then further plasma channels around the liner.
In Fig. 8 , we show the number of channels formed as the current on COBRA increases using the above assumptions. For I channel,max ∼ 150 kA the number of channels is relatively low. If the density is lower, assuming a similar temperature and spatial dimension, the maximum current is lower since there are less electrons to carry the current. Therefore, the velocity needs to increase to carry the required current, reaching the limit of 4c s more rapidly. The result is that if the original plasma channels are of lower density, there must be more of them to carry the total current at any given time in the COBRA experiments. Fig. 8(b) shows the number of channels formed for n e = 1 × 10 19 , 5 × 10 18 , and 1 × 10 18 cm −3 assuming that all channels are identical.
For the lowest density, many channels are rapidly formed since each can only carry 15 kA each. Fig. 8(c) shows uses the same data showing the fraction of the liner azimuth showing emission, and therefore carrying its local maximum current assuming a diameter of 0.5 mm for each channel. Although we cannot account easily for the detector saturation in the experiments, the general form of this plot is similar to that observed in the imaging lineouts in Fig. 3 . Of course, the plasma channels are likely to be changing density and temperature throughout the experiments. The exhaustive analysis of the various parameters is beyond the scope of this paper, but the trends are a good indicator that this mechanism can be used to explain many of the experimental features.
Along with resistive restrike, which may explain additional channel formation, we also must explain the lack of additional channels formed in several of the "triggered" shots (Fig. 4) .
The same physical process must occur, in that the plasma channels experience a rapid increase in resistivity, so we can also consider the effects of this on the collisionless skin depth δ. This is given by δ = √ ρ/π f μ, (where r is resistivity, f is frequency, and μ is permeability) and increases as ρ 1/2 and the current penetrates into the bulk of the solid liner as the resistivity increases. The high-electron density here (> 10 22 cm −3 ) can sustain much larger currents at low-drift velocity with minimal heating of the solid aluminum, and so the electron drift velocity can be lower than u drift,critical . The load resistance remains low, and so does not drive a high-resistive voltage, and additional plasma channels are not required to carry the main current.
It is likely that both the restrike and skin depth processes occurs simultaneously. Which of the two processes dominates is simply a question of the precise plasma conditions as they develop and the timescale for each to have a significant effect. The result is that, in the experiments, both are seen. It seems that a resistivity increase due to the ion acoustic instability can reasonably well describe the main feature of the liner experiments at 1 MA. For this to be the dominant mechanism, the current must be carried in an initial surface plasma at least primarily. This is consistent with the experiments, but more detailed data and analysis of the initial and subsequent plasma formation are needed to be fully confident.
V. CONCLUSION
A series of experimental studies was carried out on MagLIF-scale aluminum liners on the 1-MA COBRA device in which an azimuthal vacuum gap was introduced in the connection to the generator. Optical framing images denote the appearance and evolution of discrete current carrying plasma locations around the liner azimuth which have previously been directly linked to sustained nonuniformity of the current density in the liners using magnetic field probe arrays [2] . MHD simulations using the Gorgon code show that plasma breakdown of the vacuum gap leads to rapid uniformity of the current density for any gap size, in contrast to the experiments. This is likely to be a result of the need to set magnetic field boundary conditions close to the liner to drive the main current. However, the observed evolution of the plasma channels and currents density can be reasonably well explained by the development of increased resistivity in the plasma as the drive current increases. This limits the amount of current an individual plasma channels can carry, and either forces the formation of additional channels through resistive restrike of the vacuum gap or causes the current to flow in the liner bulk at later times through an increase in the electrical skin depth. Plasma evolution suggests both of these scenarios are observed experimentally. Estimates of the number of channels and the timescales of their formation are in reasonable agreement with the ion acoustic instability mechanism for the experimental plasma parameters. He is involved in the experimental analysis of plasmas generated using pulsed-power techniques and their application in inertial fusion, basic plasma physics, and laboratory astrophysics. He has authored over 60 journal papers.
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